The aim of this study was to elucidate the association between the bone structure at implant insertion sites and stress distribution around the mandibular canal by means of three-dimensional finite element (3D FE) analysis. Four FE models were created with slice data using micro-computed tomography (micro-CT), and 3D FE analysis was performed. Mechanical analysis showed that the load reached the mandibular canal via the trabecular structure in all FE models. High levels of stress were generated around the mandibular canal when the distance between the mandibular canal and the implant decreased. High stress levels were also observed when cortical bone thickness and bone volume/total volume (BV/TV) were low. Our findings suggest that load is transmitted to the mandibular canal regardless of differences in the thickness of cortical bone or cancellous bone structure, but excessive load may be generated in bone with thin cortical and coarse cancellous structures.
INTRODUCTION
Dental implants are directly fixed to the jawbone; therefore, unlike natural teeth, load is transmitted to the surrounding bone 1) . The success of implants depends greatly on mechanical factors, and Albrektsson et al. have reported that load conditions are the most important factors in achieving osseointegration and long-term maintenance [2] [3] [4] . In recent years, the three-dimensional finite element (3D FE) technique has been used for analysis in biomechanical research on implants. Kong et al. reported that the distribution of stress generated in peri-implant bone differs according to the direction and type of the load imposed on the implant, but that it is mainly concentrated in the cortical bone surrounding the implant neck 5) . Tada et al. used 3D FE analysis to investigate the effect of bone properties and the shape of the implant body on stress distribution, and reported that a longer implant should be used if bone density is low 6) . The FE models used in those studies, however, simplified areas of cancellous bone by treating them as single blocks, ignoring the characteristics of trabecular structure and the existence of anatomical structures such as the mandibular canal.
In a biomechanical study that took into consideration the trabecular structure of the femur, Verhulp et al. suggested the importance of taking into account the structural characteristics of cancellous bone 7) . Stegaroiu et al. compared the effect of the load imposed by implants on the jawbone when the trabecular structure was treated as a single block and when its actual state was reproduced, reporting that stress appeared to be distributed across a wider area in FE models that reproduced the trabecular structure in more detail 8) . These reports indicate the necessity of using a precise model that takes trabecular structure into consideration in biomechanical analysis of the jawbone surrounding implants.
Recent development of micro-computed tomography (micro-CT) systems and the improved performance of analytical systems have enabled mechanical analysis that takes account of the cancellous bone structure. Takano et al. used this method to show that stress generated in vertebrae differs with the direction of alignment of cancellous bone 9) . In mechanical analysis of peri-implant bone, precise reproduction of trabecular structure thus also enables more detailed analysis, making it possible to elucidate the biomechanical role played by peri-implant bone, particularly cancellous bone. Matsunaga et al. performed analysis using an FE model that closely reproduced trabecular structure in three dimensions, and reported that the peri-implant trabecular structure is closely connected with its biomechanical role 10, 11) . It was previously reported that the patient may experience discomfort even when the implant is not actually perforating the mandibular canal, probably due to effects of transmission of stress from the trabecular bone 12) . However, there have as yet been no reports of detailed analysis of the effect of periAssociation between the peri-implant bone structure and stress distribution around the mandibular canal: A three-dimensional finite element analysis Fig. 1 The region extending from 2 cm distal of the mental foramen to the anterior border of the mandibular ramus was imaged by CT. implant trabecular structure on other structures such as the mandibular canal.
In the present study, we created an FE model that closely reproduced the trabecular structure, with the objective of elucidating the association between the bone structure at implant insertion sites and stress distribution around the mandibular canal by means of 3D FE analysis.
MATERIALS AND METHODS

Specimens
Forty-eight edentulous mandibular specimens were resected from 24 dried skull bones of Japanese individuals obtained from the Department of Anatomy, Tokyo Dental College and Department of Anatomy, The Jikei School of Medicine. Data regarding the sex and exact age of each skull were not available.
Micro-CT imaging
Specimens were imaged with a micro-CT system (HMX-225 Actis4, Tesco Co., Tokyo, Japan). Imaging conditions were as follows: matrix size, 512×512; tube voltage, 100 kV; tube current, 70 μA; magnification, ×4; slice width, 50 μm; slice pitch, 50 μm; field of reconstruction, 34 mm; voxel size, 66×66×50 μm. The micro-CT imaging intensifier included a 1-in CCD camera with a 4-in, 16-bit 1,024×1,024 scanning line. Four hundred raw data images were created with this camera. The back projection method was used to produce two-dimensional slice data based on these raw data. The area between the mental foramen and a point 2 cm distal to it was imaged in each specimen (Fig. 1) .
Bone volume/total volume and cortical bone thickness measurements
The two-dimensional slice data obtained from the micro-CT system were used to measure bone volume/total volume (BV/TV) and cortical bone thickness. BV/TV measurement was carried out by using bone morphology measurement software (TRI/3D-BON, Ratoc System Engineering Inc., Tokyo, Japan). Measurements were made at a point 2 cm distal to the mental foramen by identifying cancellous bone in the area including the first molar region. Cortical bone thickness was measured with Dentist Vision software (Cybernet Systems Co., Ltd., Tokyo, Japan), and the mean value of 9 points in a 4×4×4-mm area around the implant insertion site was calculated (Fig. 2) .
Creation of the analytical model
The area imaged by CT was analyzed. Two-dimensional slice data were first subjected to noise reduction and binary conversion using the discriminant method. After labeling, they were automatically converted to eightnode hexahedral elements.
Next, average values for BV/TV and cortical thickness were calculated from the measurements, and the finite element analysis software (VOXELCON, Quint, Tokyo, Japan) was used to create four FE models. In Model A, both BV/TV and cortical bone thickness were higher than average. In Model B, BV/TV was lower than average, but cortical bone thickness was higher. In Model C, BV/TV was higher than average, but cortical bone thickness was lower. In Model D, both BV/ TV and cortical bone thickness were lower than average (Fig. 3) . Fig. 4 The distance L from the implant to the mandibular canal was set to be 1, 2, 3, or 4 mm in all models. Implants were modeled into cylinders for the purpose of simplification and to err on the side of caution for evaluation. As the importance of shear surfaces surrounding the implant has previously been demonstrated, we assumed that the implant and bone would have perfect contact 11) . A cylindrical implant of 4.1 mm diameter was designed using 3D-CAD system (Solid Edge, Siemens PLM Software Inc., Tokyo, Japan). FE models were created assuming that implants were inserted in the mandibular molar region. All FE models were designed so that the distance L from the implant tip to the mandibular canal could be set as 1, 2, 3, or 4 mm (Fig. 4) . Table 1 
Characteristics of materials
The structural materials for the FE models comprised bone and implant, both of which were set as isotropic materials. Their mechanical properties were set as follows, with reference to previously reported values: bone, Young's modulus 15 GPa, Poisson's ratio 0.30; implant, Young's modulus 115 GPa, Poisson's ratio 0.35 13, 14) .
Restraint and loading conditions
After total restraint of both the proximal surfaces of the mandibular specimens, a load of 100 N was imposed in the vertical direction on the upper surface of the body of the implant (Fig. 5 ). This value was determined based on previous studies 15, 18) .
Output
Stress evaluation was performed by using diagrams of the distribution of maximum principal stress (contour maps) and solid displays of the principal stress vectors for all elements (vector plots) (DoctorBQ, Cybernet Systems Co., Ltd., Tokyo, Japan and Quint, Tokyo, Japan). At the same time, average values of Von Mises equivalent stress were measured in a 4×4×4-mm area including the mandibular canal directly below the body of the implant (Fig. 6) . Table 2 -a shows the BV/TV and cortical bone thickness Figure 7 shows the distribution of principal stress and load transfer paths in the frontal cross-section when L=2 mm. Standard values for principal stress are shown on the right in color, with green denoting compressive stress and red denoting tensile stress. In all models, the vertical load imposed on the implant was transmitted via the implant to the cortical and cancellous bone. In cortical bone, higher compressive stresses were generated at the neck of the implant. In cancellous bone, compressive stresses oblique to the implant axis were transmitted to the lower constrained surface; tensile stresses oblique to the implant axis were transmitted to the upper constrained surface and they intersected one another. In Models A and B, with thick cortical bone, high compressive stress was generated in the cortical bone surrounding the neck of the implant to receive the stress imposed on the implant. In Model C, high tensile and compressive stresses were distributed from the top to bottom in the cancellous bone area, while in Model D, high compressive stress was observed in the cortical bone area. Figure 8 shows the average values for Von Mises equivalent stress in the 4×4×4-mm area including the mandibular canal directly below the implant. Stress was calculated by dividing the 100 N load imposed on the upper surface of the implant by the square of the implant diameter multiplied by π, and indicates the load that remains without attenuation when reaching the mandibular canal. Table 3 shows percentage per unit area around the mandibular canal against the vertical load of 100 N imposed on the upper surface of the implant. A comparison of implant insertion depths showed that in all FE models, the shorter the distance between the implant and the mandibular canal, the higher the level of stress. In FE models with low cortical bone thickness, greater levels of stress were generated around the mandibular canal. In the same way, greater levels of stress were generated in models with low BV/ TV. Particularly high levels of stress were evident in Model D, in which both cortical bone thickness and BV/ TV were low.
RESULTS
BV/TV and cortical bone thickness measurements
Load transfer paths and results of FE analysis
Evaluation of stress levels
DISCUSSION
Implant treatment is an effective method of restoring masticatory function that has been impaired due to tooth loss 16, 17) . Many previous studies on implants, including clinical trials, material investigations, and animal experiments, have been reported [18] [19] [20] . Such investigations are necessary to improve the outcome of implant treatment. In particular, the structure of the jawbone has been identified as an important factor contributing to the success or failure of implants. Farnsworth et al. and Katranji et al. carried out basic research on cortical bone thickness 21, 22) . According to Miyamoto et al., the average thickness of cortical bone at implant insertion sites in the mandible is 2.22±0.47 mm, and their results suggested that the thicker the cortical bone, the greater the initial stability of the implant 23) . Using the 3D FE technique to perform simulation analysis, Tu et al. showed that the thicker the cortical bone, the lower the stress and strain generated around the implant 24) . Studies of cancellous bone, however, are still insufficient, and in clinical settings, intraoperative examination is still being performed according to the classification of Lekholm and Zarb 25) . Systemic studies of hard tissue have identified the characteristic structure of bone and the importance of bone metabolic turnover 26) . The jawbone in particular incorporates complex structures within the bone, such as the mandibular canal, and high-precision simulation analysis must therefore take bone structural characteristics into account. The existence of large areas of cancellous bone adjoining the peri-implant cortical bone has also been demonstrated, and although this is conjectured to play a biomechanical role, there have been few detailed studies to date. Gross reported that when a dental implant was placed in the mandibular premolar region, neurological symptoms occurred even when the implant was near the mandibular canal and not perforating it 12) . They deduced that these symptoms resulted from stress concentration in the superior wall of the mandibular canal. It was necessary to quantify the anisotropy of peri-implant bone trabeculae to investigate the influence of mechanical stress transmitted via the implant to the trabecular bone structure. Within the limitations of this study, the following explanations can be given. In the present study, we observed load transfer paths to the mandibular canal via the trabecular structure, obtaining results broadly consistent with those of previous studies 11) . A comparison of the stress levels generated around the mandibular canal also showed that lower levels of stress were generated around the mandibular canal in FE models with thicker cortical bone, a result that can be described as equivalent to that reported by Tu et al. 24) . The results from Model C, in which cortical bone was thin, but sufficient cancellous bone was present, can be due to the biomechanical role played by cancellous bone 10, 11) . It is possible that stress propagating to a large area of cancellous bone is attenuated through distribution to each of the many trabeculae, resulting in weaker stress levels near the mandibular canal. However, although the previous reports suggested that not only cortical bone but also cancellous bone plays an important biomechanical role during load-bearing in peri-implant bone, the mechanism by which the different structures of cortical and cancellous bone affect stress levels and their interaction remain unclear. In Model D, with thin cortical bone and coarse cancellous bone, extremely high levels of stress were generated around the mandibular canal compared with Model A, B, C. This indicated that extremely high stresses were generated around the mandibular canal only in the event that both cortical and cancellous bones were insufficient. When a constant load is imposed on the top of the implant, the stress generated is dispersed to the cortical and cancellous bones. If the cortical bone is thick, it will bear most of the load from the stress generated, whereas if it is thin, the load borne by the cortical bone decreases, and that borne by the cancellous bone increases accordingly. The load borne by each trabeculae will be small in jawbones with a large area of cancellous bone and large in jawbones with a small area of cancellous bone. The risk of nerve discomfort may be larger in patients with high occlusal force.
Our findings suggested that in jawbones with a sufficient amount of cortical bone, the cortical bone is responsible for the main biomechanical effect, with cancellous bone acting as a supplementary load transfer path. If cortical bone is thin, however, cancellous bone also plays a biomechanical role, distributing the stress to the surrounding cortical bone. However, in jawbones with thin cortical bone and also insufficient cancellous bone, high levels of stress occur within the jawbone and the effect on the interior of the mandibular canal becomes significant, resulting in clinical symptoms such as discomfort. Preoperative examination in clinical situations should therefore include evaluation of cortical bone thickness and trabecular structure, and if low values are observed for both, then care must be taken in establishing treatment plans, particularly for patients at high risk of nerve injury.
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